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摘  要 
本论文以探究合成气直接制 C2-C4 烯烃负载型 Fe 基催化剂上 Mn、Na 和 S
等助剂的作用机理为主要目的，在论文的第一部分工作中以粒径和组成可控的
Fe3-xMnxO4/CNT (x = 0 ~ 0.5, CNT = Carbon Nanotube) 模型催化剂为基础，考察




表征。在论文的第二部分工作中详细考察了 Na 和 S 分别修饰以及 Na 和 S 的共
同修饰对 Fe/α-Al2O3 上 CO 加氢直接制低碳烯烃性能的影响，并结合 TEM、(原
位) XRD、Raman、程序升温还原和程序升温脱附等表征技术探讨了 Na 和 S 助
剂的作用本质。取得的主要研究结果如下： 
(1) 采用在含有油酸和油胺的溶液中高温还原/分解 Fe(acac)3 的方法，制备
了不同粒径、单分散的 Fe3O4 纳米粒子。XRD 和 TEM 的结果表明通过调节反应
温度以及表面活性剂的用量，以小粒径 Fe3O4 为“种子”等，可以有效合成粒径可
控 (4 ~ 13 nm) 的单分散 Fe3O4 纳米粒子。Fe3O4 粒径均为 6 nm 的 Fe/TiO2、
Fe/γ-Al2O3、Fe/ZrO2和 Fe/CNT 等模型催化剂的 CO 加氢性能评价结果表明，与
其他载体相比，CNT 负载的 Fe 催化剂具有 高的 CO 转化率、C2-C4 烃的烯烷
比和 C5+选择性以及 低的 CH4 选择性。不同粒径 (4 ~ 13 nm) 的 Fe/CNT 模型
催化剂的性能评价结果表明，当 Fe3O4 的粒径从 4.2 增加到 7.9 nm 时，Fe/CNT
催化剂的活性逐渐增大，随 Fe3O4 的粒径进一步增加，催化剂的 CO 加氢活性略
有下降；在粒径较小的 Fe/CNT 催化剂上，C2-C4 烯烷比和 C5+的选择性相对较低。
因此，合适的载体和活性相粒径有助于制备高活性和高选择性的催化剂。 
(2) 仅用油胺作表面活性剂和还原剂，采用在二苄醚溶剂中高温还原/分解
Fe(acac)3或 Fe(acac)3和 Mn(acac)2混合物的方法成功制备了平均粒径为 6.3 ~ 6.7 
nm 的单分散 Fe3-xMnxO4 (x = 0 ~ 0.5) 纳米粒子。将纳米粒子组装到 CNT 载体上
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子的粒径和调变 Mn/Fe 比。Fe3-xMnxO4/CNT 模型催化剂中的 Mn 元素在 673 K
通 H2 气还原的前后始终保持与 Fe 元素紧密接触，CNT 载体上并未出现孤立的
Mn 氧化物粒子。Fe3O4/CNT 在 H2 气氛中的还原过程为 Fe3O4 → FeO → Fe。Mn
氧化物促进 Fe3O4 到 FeO 的还原，但抑制了 FeO 还原到金属 Fe 以及在费托合成
反应下碳化铁的生成。在 673 K 通 H2 气还原后，Mn 氧化物在 Fe-Mn 纳米粒子
表面发生富集。催化剂性能评价结果表明，少量 Mn 氧化物 (Mn/Fe ≤ 0.01) 的添
加对 Fe3-xMnxO4/CNT 催化剂的 CO 加氢活性没有影响，但可以显著提高 C5+和
C2-C4 烯烃的选择性，并可在不影响 C2-C4 烃的选择性的情况下降低 CH4 的选择
性。过量的 Mn 氧化物 (Mn/Fe ≥ 0.024) 会降低催化剂的活性，其原因可能与
Mn 氧化物覆盖了部分 Fe 物种表面活性位或 Mn 氧化物抑制了碳化铁的生成有
关。 
(3) 浸渍法制备的不同含量 Na 和/或 S 修饰的 Fe/-Al2O3 催化剂的性能评价
结果表明，添加适量的 Na 有助于提高催化剂的 CO 转化率，但过量 Na 反而会
降低 CO 转化率。Na 的修饰还可抑制 CH4 和 C2-C4 烃的生成，提高 C5+的选择性
和产物的烯烷比。S 的修饰降低了 Fe/-Al2O3 催化剂的 CO 转化率、C5+选择性
和产物的烯烷比，提高了 C2-C4 烃的选择性。Na 和 S 的共同修饰能够使催化剂
在保持较高的 CO 转化率下获得较高的 C2-C4 烯烃选择性。Na 的修饰提高了催化
剂的碱性，抑制 FeO 在 H2 气氛中的还原。适量 Na 的修饰还有助于增强 CO 在
金属 Fe 表面的解离吸附，促进反应中 FexCy 的生成，从而提高了 CO 加氢的活
性。而过量 Na 的修饰可导致催化剂上生成过多的积碳和高碳烃产物，堵塞部分
活性位，进而降低了催化剂的 CO 加氢的活性。由于 Na 抑制了催化剂对 H2 的吸
附和活化，进而抑制了催化剂加氢能力，因而能够降低 CH4 选择性并提高 C2-C4
烃中烯烃的选择性和 C5+选择性。S 有助于促进 FeO 在 H2 气氛中的还原，但抑
制了 Fe3O4 在 CO 气氛中的还原以及 CO 在金属 Fe 表面的解离吸附，阻碍了反应
中 FexCy的生成，从而降低了 CO 加氢的活性。催化剂的 H2-TPD 实验结果表明，
少量 S 的修饰可提高脱附峰位于 500 K 左右 H2 的吸附，这可能是 S 有助于提高
C2-C4 烃选择性、降低 C5+的选择性和产物烯烷比的原因之一。过量 S 的修饰会
抑制 H2 的吸附，进一步降低催化剂的活性。Na 的修饰能够提高催化剂的抗 S 中
















































This dissertation focuses on the studies of the promotion mechanism of Mn, Na 
and S on supported iron-based catalysts for direct conversion of syngas to lower 
olefins. In the first part of this dissertation, we synthesized the size- and 
composition-controlled Fe3-xMnxO4/CNT (x = 0 ~ 0.5, CNT = Carbon Nanotube) 
model catalysts. With these catalysts, iron particle size effects for direct conversion of 
syngas to lower olefins were investigated. Meanwhile, the promotion effect of Mn 
oxide on the Fe-based catalysts was studied in the absence of other unnecessary 
disruptive factors such as size of active phase and the interaction between 
metal/promoter and support. The structure of the model catalysts and the promotion 
mechanism of Mn were characterized in detailly by TEM, (in situ) XRD, XPS and 
TPR. In the second part of the dissertation, a systematic study was carried out to 
investigate the effect of Na and S on catalytic performance of Fe/α-Al2O3 catalysts for 
direct conversion of syngas to lower olefins. Then the nature of Na and S was 
discussed based on the characterization results of TEM, (in situ) XRD, Raman, TPR 
and TPD. The main results of the dissertation are summarized as follows: 
 (1) Monodisperse and size tunable magnetite (Fe3O4) nanoparticles were 
prepared by high temperature reduction/decomposition of Fe(acac)3 in the presence of 
oleic acid and oleylamine. The results of XRD and TEM indicated that particle size 
can be tuned from 4 to 13 nm by varying reaction conditions or by seed-mediated 
growth. The catalytic performances of Fe/TiO2, Fe/γ-Al2O3, Fe/ZrO2 and Fe/CNT 
catalysts with unique particle size (6nm) of Fe3O4 showed that Fe/CNT has the lowest 
selectivity of CH4 and highest CO conversion, C2-C4 olefin to paraffin ratios and C5+ 
selectivity. The Fe3O4 nanoparticles were supported on CNT to obtain the Fe/CNT 
model catalysts with tunable sizes for investigating the particle size effects on the 
catalytic performance of CO hydrogenation. The CO hydrogenation activity increased 
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decreased slightly. At the same time, smaller Fe particles lead to lower C2-C4 olefin to 
paraffin ratios and C5+ selectivity. The presented data demonstrated that the support 
and iron particle size plays important roles in the design of FTO catalysts with high 
activity and selectivity 
(2) Monodisperse Fe3-xMnxO4 (x = 0 ~ 0.5) nanoparticles with average particle 
size between 6.3 ~ 6.7 nm were synthesized by high temperature reduction/ 
decomposition of Fe(acac)3 or a mixture of Fe(acac)3 and Mn(acac)2 in benzyl ether 
solution in the presence of oleylamine. Oleylamine was chosen as the only surfactant 
since it can act as an alternative reducing agent as well as a stabilizer. The size- and 
composition-controlled Fe3-xMnxO4 nanoparticles were supported on CNT to obtain 
the model catalysts for investigation of C2-C4 olefin production by FTS. Mn element 
in the Fe3-xMnxO4/CNT catalysts was found to be always associated with Fe, and was 
not located on the CNT support even after the sample was reduced with H2 at 673 K. 
Fe3O4 was converted to FeO first and then to metallic Fe under H2 atmosphere. 
Incorporation of Mn oxide into a Fe3O4/CNT catalyst promoted the reduction of 
Fe3O4 to FeO, but retarded the further reduction of FeO to metallic Fe under H2 
atmosphere and the suppression of carburization of metallic Fe under FTS. After H2 
reduction at 673 K, the enrichment of Mn oxide on the surface of Fe-Mn 
nanoparticles was revealed by XPS. The results of catalytic performance of the 
Fe3-xMnxO4/CNT catalyst for FTS indicated that incorporation of Mn with Mn/Fe 
molar ratio  0.01 into the iron catalyst resulted in an increase of the C5+ yield and 
C2-C4 olefin selectivity without any loss in FTS activity. However, the total selectivity 
of C2-C4 hydrocarbons was almost unaffected while the production of CH4 is 
suppressed by the addition of Mn oxide. The decreasing of FTS activity on the 
Fe3-xMnxO4/CNT catalysts with an excess of Mn oxide might result from partial 
coverage of active sites and/or the suppression of carburization of metallic Fe by Mn 
oxide. 
(3) A series of Fe/-Al2O3 catalysts modified by Na and/or S were prepared by 
incipient wetness impregnation method. A systematic study was carried out to 















direct conversion of syngas to lower olefins. A maximum in catalyst activity was 
noted upon increasing Na content, followed by a sharp decline in activity at Na levels 
in excess of the maximum when the reaction was carried out at 573 K, 2.0 MPa and 
H2/CO = 1. An increase in the C5+ selectivity and olefin to paraffin ratio of the 
products, and a decrease in the CH4 and C2-C4 hydrocarbons production was observed 
with increasing Na content. The catalyst activity decreased with increasing S content. 
The selectivity of C2-C4 hydrocarbons increased when the catalyst modified with S. 
The production of C5+ hydrocarbons and the C2-C4 olefin to paraffin ratio decreased 
significantly with increasing the amount of S. The combined presence of both Na and 
S was an access to achieve high selectivity of C2-C4 olefins and high catalytic activity. 
The addition of Na to Fe/-Al2O3 catalysts enhanced the surface basicity of the 
catalysts and promoted the reduction of Fe3O4 under CO atmosphere, while retarded 
the reduction of FeO to metallic Fe under H2 atmosphere. The moderate concentration 
of Na improved the dissociative adsorption of CO on the Fe surface and enhanced the 
formation of iron carbide during FTS, so that the catalyst activity was enhanced. 
However, the catalytic activity would decline if the amount of Na was exceeded, 
because carbon deposition and higher molecular weight compounds could occupy the 
active sites.. With an increase in Na contents, the H2 chemisorption was decreased and 
therefore the hydrogenation ability of the catalyst was suppressed, which favors the 
formation of higher hydrocarbons (C5+) as well as products that contain more olefins. 
The addition of S accelerated the reduction of FeO to metallic Fe under H2 
atmosphere, but inhibited the reduction of Fe3O4 under CO atmosphere and 
suppressed the dissociative adsorption of CO and the formation of iron carbide, which 
resulted in a decline in FTS activity. A small amount of S improved the chemisorption 
of H2 at about 500 K. This may be explain why the modification of S leads to an 
increase in the selectivity of C2-C4 hydrocarbons and a decrease in the selectivity of 
C5+ hydrocarbons and olefin to paraffin ratio of products. An excess of S inhibited the 
chemisorption of H2 and further decreased the catalyst activity. The presence of Na 
could improve the resistance to sulfur poisoning of catalysts, while the presence of S 
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dissociative adsorption of CO and H2 may be one of the reason why the synergistic 





Keywords: Fischer-Tropsch synthesis；Lower olefins; Fe catalyst；CNT；-Al2O3；
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